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FIBER-OPTIC GYROSCOPE WITH
DEPOLARIZER USING INTEGRATED OPTIC
WAVEGUIDE

TECHNICAL FIELD

The mvention relates generally to instruments such as
interferometric fiber-optic gyroscopes (IFOG) which utilize
an integrated optic circuit having a birefringent crystal
substrate waveguide and 1n particular to such instruments 1n
which 1t 1s desirable to reduce the degree of polarization of
optic signals.

BACKGROUND

In the field of inertial sensors, increasing cost and per-
formance demands are being placed on proven existing
systems, such as electromechanical mstruments and, more
recently, ring laser gyroscopes. Currently, eflorts are being
placed on improving newer technologies, such as interfero-
metric fiber-optic gyroscopes (IFOG). The emphasis today 1s
not so much on improving sensor performance, as meeting,
other practical demands such as reducing system size while
lowering material and assembly costs. While ring laser
gyroscopes are finding continued commercial success 1n
specialized applications, interferometric fiber-optic gyro-
scopes have not achieved the potential that was hoped for at
their inception. Unit costs and construction difhiculties have
been cited as areas for improvement.

Thus, a need exists for improving construction materials
and techniques used to produce interferometric fiber-optic
gyroscopes. For example, cost savings are possible with
single mode components, although depolarizers and other
additional components may be required to prevent signal
deterioration. Further, there 1s a need for improved construc-
tion ol interferometric fiber-optic gyroscopes using cost
ellective techmiques such as those associated with integrated
circuit technology. U.S. Pat. No. 5,377,283 1s directed to the
configuration control of mode coupling errors, and points
out added complications, such as second order dispersion
cllects, which result when an integrated optic chip, such as
one having a substrate formed of lithium mobate, 1s
employed 1n a fiber optic circuit. This patent also employs a
circuit in which both single mode and polarization main-
taining optical fibers are employed, along with depolariza-
tion remediation attained by splicing first and second polar-
ization maintaining optical fibers. Depolarized fiber optic
gyroscopes are also disclosed in U.S. Pat. No. 4,828,389 of
Gubbins et al. covering “Integrated Triad Optical Rate
Sensor Apparatus,” and U.S. Pat. No. 5,260,768 of Cordova,
et al. covering “Fiber optic gyro with low-birefringence and
PM networks”. Despite these advances, further improve-
ments are needed.

SUMMARY

The invention 1n one implementation encompasses an
apparatus, and more particularly comprises a fiber-optic
gyroscope apparatus including a light source, an optical
coupler, a photodetector and an optical circuit device having
at least one iput, at least two outputs and a birefringent
crystal substrate waveguide between the mput and the
outputs. An input fiber of polarization maintaining fiber
composition 1s located between the optical coupler and the
optical circuit device. A sensing coil 1s coupled to the
outputs of the optical circuit device. The mput fiber bire-
fringence axes are fixed at 45 degrees to the birefringence
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axes of the waveguide, with the input fiber and waveguide
cooperating to form a Lyot-type depolarizer.

In another implementation, the invention encompasses a
fiber-optic gyroscope apparatus including a Lyot-type depo-
larizer comprised of a combination of fiber and non-fiber
components. The apparatus includes a light source, at least
one optical coupler having an mmput coupled to the light
source and an output, and at least one photodetector coupled
to the optical coupler. An optical circuit device includes an
optical circuit built on a waveguide of birefringent crystal
substrate material, and a housing surrounding the optical
circuit. The optical circuit device has at least one mput, and
at least two outputs with the waveguide between the nput
and the outputs. An input fiber of polarization maintaining
fiber composition couples the output of the at least one
optical coupler to the mput of the optical circuit device, with
the housing providing access for the mput fiber to the
waveguide. A fixed orientation coupling maintains a fixed
angular orientation between the mput fiber and the
waveguide, with the mput fiber and the waveguide cooper-
ating to comprise a Lyot-type depolarizer, reducing the
degree of polarization of optical signals traveling between
the 1iput fiber and the waveguide.

In yet another implementation, the invention encompasses
a method for providing gyroscope sensing comprising the
step of providing a light source, and at least one optical
coupler having an nput and an output. The method further
includes the steps of coupling the light source to the input of
the optical coupler, providing at least one photodetector and
coupling the at least one photodetector to the optical coupler
input. An optical circuit device 1s provided with at least one
input, at least two outputs and a birefringent crystal substrate
waveguide between the mput and the outputs. The method
continues with the steps of providing an iput fiber of
polarization maintaining fiber composition, coupling the
output of the at least one optical coupler to the input of the
optical circuit device with the input fiber, providing at least
one sensing coil of optical fiber with a pair of optic fiber
pigtails and coupling the optic fiber pigtails to the outputs of
the optical circuit device. One end of the mput fiber 1s
supported with a fixed orientation of approximately 45
degrees to the waveguide of the optical circuit device. The
input fiber and waveguide cooperate to comprise a Lyot-type
depolarizer, reducing the degree of polarization of optical
signals traveling between the mput fiber and the waveguide.

DESCRIPTION OF THE DRAWINGS

Features of exemplary implementations of the invention
will become apparent from the description, the claims, and
the accompanying drawings 1n which:

FIG. 1 1s a representation of a prior art fiber-optic gyro-
scope employing polarization-maintaining (PM) fibers
throughout.

FIG. 2 1s a representation of one exemplary iterferomet-
ric fiber-optic gyroscope with an optical circuit device
having a waveguide which functions as a second segment of
a Lyot type depolarizer.

FIGS. 3 and 4 are representations of a prior art fiber-optic
gyroscope employing all-fiber Lyot type depolarizers.

FIG. 5 15 a representation of one exemplary iterferomet-
ric fiber-optic gyroscope with an optical circuit device
having a waveguide which functions as a second segment of
a Lyot type depolarizer and which has single mode compo-
nents throughout.

FIG. 6 1s a fragmentary cross-sectional view taken along

the line 6—6 of FIG. 2.



US 7,085,441 Bl

3

FIG. 7 1s a fragmentary cross-sectional view taken along
the line 7—7 of FIG. 2.

FIG. 8 1s a second representation of an exemplary inter-
terometric fiber-optic gyroscope.

FIG. 9 1s a third representation of an exemplary interfero-
metric fiber-optic gyroscope.

FIG. 10 1s a fourth representation of an exemplary inter-
terometric fiber-optic gyroscope.

FIG. 11 1s a fifth representation of an exemplary inter-
ferometric fiber-optic gyroscope.

FIG. 12 1s an article of manufacture according to certain
aspects of the invention.

DETAILED DESCRIPTION

Turning to FIG. 1, an apparatus 100 1s one example of an
all-fiber fiber-optic gyroscope constructed according to
known techniques which comprises a plurality of known,
commonly available hardware components of the more
costly, polarization maintaining (PM) type. A broadband
light source 102 with a low degree of coherence has a pigtail
104 of the polarization maintaining fiber type which 1s
spliced at 106 with the polarization maintaining input lead
108 of a 2x2 fiber coupler 110. Fiber coupler 110 1s coupled
to a conventional photodetector 112, as 1s known 1n the art,
to measure the interferometer signal. If desired, fiber coupler
110 can comprise any NxM coupler.

A polarization maintaining output lead 113 1s spliced at
114 to a polarization maintaining fiber 116, providing con-
nection through an input fiber block assembly (FBA) 118 to
an integrated-optic circuit 120. The output of integrated
optic circuit 120 1s coupled through fiber block assemblies
122 to polarization maintaining pigtail fibers 124 of coil 126

The mtegrated-optic circuit 120 may comprise any of a
number of known types. Since all fiber components in
interferometric fiber-optic gyroscope 100 are made of PM
fiber compositions, and since the light source 102 has a low
degree of polarization, there 1s no need to add the cost of
depolarizers. However, construction of the interferometric
fiber-optic gyroscope 100 incurs substantial added costs
associated with polarity maintaining components. Cost
advantages can be attained if some, or all of the components
are of the single mode type, 1.e. are made of single mode
fibers. However, depolarizers should be used to prevent
interferometer signal polarization fading effects. As will be
seen herein, FIG. 2 shows one example of an interferometric
fiber-optic gyroscope illustrating principles of the present
invention, which provides cost and performance 1mprove-
ments over interferometric fiber-optic gyroscopes having

conventional all-fiber depolarizers of the type shown 1n FIG.
3.

Referring now to FIG. 3, an apparatus 300 shows one
example of an interferometric fiber-optic gyroscope, similar
to that shown m FIG. 1, but which includes single mode
components, and which employs depolarizers of the all-fiber
type to prevent interferometer signal polarization fading
cllects. A broadband light source 302 has a pigtail 304 of the
single mode fiber type which 1s spliced at 306 with the single
mode mput lead 308 of a 2x2 fiber coupler 310. Fiber
coupler 310 1s coupled to a conventional photodetector 311,
as 1s known 1n the art. A single mode fiber or output lead 312
1s spliced at 314 to a first segment polarization maintaining
fiber 316, which in turn, 1s connected through splice 330 to
a second segment polarization maintaining fiber 332. First
and second segments 316, 322 together comprise a conven-
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tional all-fiber Lyot polarizer. Fiber 332 1s connected
through an imput fiber block assembly (FBA) 318 to the
integrated-optic circuit 120.

The output of mtegrated optic circuit 120 1s coupled
through fiber block assemblies 322 and 324 to coil 326. For
turther cost reduction, coil 326 1s of the single mode type,
with single mode fibers 330, 332. However, in order to
provide protection against signal fading, one lead of co1l 326
1s coupled to fiber block assembly 322 through a conven-
tional all-fiber Lyot polarizer comprising the serial connec-
tion ol polarization maintaining fibers 340, 342 and splices
344, 346. In the arrangement of FIG. 3, two all-fiber
depolarizers are used, one at the mput to integrated-optic
circuit 120, and the other at the upper output (1.e. the fiber
block assembly 322) of integrated-optic circuit 120. The first
all-fiber depolarizer 1s formed by the serial connection of
polarization maintaining fibers 316, 332. The second all-
fiber depolarizer 1s formed by the serial connection of
polarization maintaining fibers 340, 342. Thus, 1n addition to
penalties incurred in increased material and assembly costs,
signals in the interferometric fiber-optic gyroscope 300 must
pass through five splices, with attendant signal degradation.

FIG. 4 shows an interferometric fiber-optic gyroscope 400
substantially similar to interferometric fiber-optic gyroscope
300, except that the second, lower coupling between the coil
326 and fiber block assembly 324 1s also provided with an
all-fiber depolarizer arrangement, comprised of polarization
maintaining fibers 352, 354 and splices 356, 358. This thurd
depolarizer addresses deleterious eflects of asymmetry asso-
ciated with coil 326. Temperature gradients influence inter-
ferometric fiber-optic gyroscope bias stability through the
Shupe effect. Polarizing maintaining and single mode fibers
have different waveguide properties. If the interferometric
fiber-optic gyroscope has only one depolarizer between
integrated-optic circuit 120 and the single mode coil 326, the
Shupe eflect may be larger due to asymmetry in propagation
conditions for clockwise and counterclockwise beams 1n the
coil. This asymmetry may be removed by using the third
all-fiber depolarizer between the integrated-optic circuit and
the single mode coil 326.

Retferring now to FIG. 2, an apparatus 200 shows one
example of an interferometric fiber-optic gyroscope 1llus-
trating aspects ol a present invention, and which comprises
a plurality of known, commonly available single mode
hardware components, thus contributing to the cost eflec-
tiveness and flexibility of assembly provided by aspects of
the present invention. In the arrangement shown in FIG. 2,
while all of the components can be selected from the less
costly, single mode (SM) types available, the fiber optic coil
226 1s chosen to be of the polarization maintaining type.
Substantial cost advantages 1n materials and construction are
made possible by employing a single mode broadband light
source 202 and a single mode coupler 210. The broadband
light source 202 can emit either polarized or unpolarized
light. The broadband light source 202 has a single mode fiber
or pigtail 204 which 1s spliced at 206 with the single mode
fiber input lead 208 of a 2x2 fiber coupler 210. Fiber coupler
210 1s coupled to a conventional photodetector 212 to
measure the interferometer signal.

A single mode output lead 213 1s spliced at 214 to a
polarization maintaining fiber 216, providing connection
through an put fiber block assembly (FBA) 218 to an
optical circuit device or integrated-optic circuit 220. The
output of integrated optic circuit 220 1s coupled through
fiber block assemblies 222 to polarization maintaining fibers
224 of coil 226. The mtegrated-optic circuit 220 may
comprise any of a number of commercially available optical
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circuit devices having a birefringent crystal substrate or
waveguide, but preferably comprises a type commonly
referred to as a multipurpose integrated optical circuit
(MIOC).

The preferred integrated-optic circuit 220 1s built on a
crystal substrate or waveguide of lithium niobate (LiNbO3)
material or any other non-isotropic material suitable for
integrated-optic waveguides, and has a housing with three
ports providing external connection to an internal waveguide
coupler/beam splitter, such as a Y-type waveguide coupler
and phase modulator disposed within the housing in a
defined, preferably horizontal, orientation. The preferred
integrated-optic circuit 1s constructed according to the teach-
ings of U.S. Pat. Nos. 5,442,719 and 6,128,424 the disclo-
sures of which are incorporated by reference as 1if fully set
forth herein.

According to certain aspects of the present invention, a
mixed mode Lyot-type depolarizer 1s constructed using a
mimmum number of conventional components. The term
“mixed mode” 1s used herein to denote a depolarizer utiliz-
ing the Lyot eflect produced by the combination of fiber and
non-fiber components, such as the waveguide of an appro-
priate integrated-optic circuit, having crystal substrate mate-
rial that exhibits substantial birefringence properties and that
can be accessed from the outside of the integrated-optic
circuit by fixed orientation couplings (such as those of the
fiber block assembly type) that maintain a fixed angular
orientation between external optic fibers and the internal
waveguide. As mentioned above, the preferred integrated-
optic circuit has three ports providing connection to a Y-type
waveguide coupler and phase modulator. Practical depolar-
ization or polarization averaging 1s prelerably achieved
herein by means of a Lyot-type depolarizer 1n conjunction
with a broadband light source, an arrangement discussed by
W. K. Burns, “Degree of Polarization in the Lyot Depolar-
izer,” J. Lightwave Tech., Vol 1, p. 475 (1983) the disclosure
of which 1s hereby incorporated by reference.

According to certain aspects of the present invention, the
waveguide or crystal substrate of the integrated-optic circuit
220 1s employed as one segment of a Lyot type depolarizer,
with a piece of birefringence fiber (polarization maintaining,
fiber 216) between the single mode coupler 210 and the
integrated-optic circuit 220 as another depolarizer segment.
The fiber birefringence axis 1s oriented with a 45 degree
angle relative to the waveguide birefringence axis of the
integrated-optic circuit. The lithium niobate (LiNbO3)
waveguide of the preferred integrated-optic circuit 220 has
a birefringence ol approximately 0.05-0.07 for visible and
inirared spectral ranges. Polarization maintaining fiber 216
has a typical birefringence on of approximately 0.0004. The
depolarization length is calculated as L=A*/(A\*8n), where
A 1s a light source spectrum central wavelength and AA 1s a
spectrum linewidth. The physical length of polarization
maintaining fiber 216 1s preferably on the order of one meter
or longer, enough to have a depolarization length longer than
the depolarization length L for typical broadband light
sources (Super Luminescent Diode (SLD) or Amplified
Spontaneous Emission (ASE) sources). The waveguide bire-
fringence 1s so high that the Lyot condition L2>21.1 will be
casily satisfied with the waveguide of the preferred inte-
grated-optic circuit, which typically has a physical length of
20-35 mm, thus being capable of successtul operation as a
Lyot-type depolarizer second segment.

As described 1n this example, Lyot-type depolarization 1s
achieved with one or more optic fibers connected to the input
and/or one or more outputs of an optical circuit device
having a birefringent crystal substrate waveguide disposed
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between its mput and outputs. It 1s generally preferred, in
order to satisfy Lyot-type polarizer conditions, that the
waveguide have the longer of the two Lyot-type depolarizer
lengths and that the optic fiber have the shorter. While 1t 1s
possible, and 1s contemplated by the present invention, that
the relative lengths could be reversed, this would require that
the fiber length, 1n order to have longer depolarization length
than that of the waveguide, would have to have a very long
physical length, on the order of 100 meters for the example
given here, and thus 1s not preferred.

In the arrangement of FIG. 2, the Lyot-type depolarizer
according to aspects of the present invention 1s comprised of
two sections of birefringence material(s) with their birefrin-
gence axes oriented with a 45 degree angle, a section
depolarization length ratio (L1/L2) which 1s not less than 2,
and the depolanizer first section length LI longer than
depolarization length of the light source employed. To
prevent polarization fading effects 1n 1nterferometric fiber-
optic gyroscope 200 (due to the use of single mode fiber
components at the input stage of the itegrated-optic circuit
220), the depolarizer 1s preferably located at the mput of the
integrated-optic circuit. A 45 degree relative angular dis-
placement between the Lyot-type depolarizer first segment,
polarization maintaining fiber 216, and the waveguide inter-
nal to integrated-optic circuit 220, 1s illustrated 1n FIGS. 6
and 7, where the waveguide or crystal substrate 1s mounted
in the housing of integrated-optic circuit 220 so as to be
oriented parallel to the horizontal.

Preferably, the input connection to the integrated-optic
circuit 220, fiber block assembly 218, 1s chosen to provide
the fixed angular orientation required, with the fiber block
assembly 218 oriented with a zero degree displacement of 1ts
birelringence axis relative to the waveguide, and with the
polarization maintaining fiber 216 fixed at a 45 degree
displacement relative to the fiber block assembly. If desired,
the polarization maintaining fiber 216 can be oriented at a
zero degree displacement relative to the fiber block assem-
bly, with the fiber block assembly being fixed at a 45 degree
displacement relative to the integrated-optic circuit 220. As
a Turther alternative, the waveguide can be rotated within 1ts
housing to achieve the 45 degree displacement. The mven-
tion contemplates arrangements wherein the displacement 1s
not exactly 45 degrees, but i1s only approximately 45
degrees, consistent with the level of depolarization needed
for the particular application. For example, many applica-
tions requiring fairly high levels of depolarization are sat-
isfied with angular displacements ranging between 44.5
degrees and 45.5 degrees. The mvention contemplates sub-
stantially broader ranges of displacements than this.

FIG. 7 shows the preferred relative orientation of zero
degrees between the polarization maintaining fibers 224 and
the waveguide within integrated-optic circuit 220, aligned
within mtegrated optic circuit 220 1n a horizontal direction.
The arrangement of FIG. 7 provides a ready visual com-
parison to the 45 degree relative orientation between the
input polarization maintaining fiber 216 and the mput con-
nection of fiber block assembly 218 shown in FIG. 6. In
FIGS. 6 and 7, polarization maintaiming fibers of the
“PANDA” type are denoted by the reference numerals 216,
224 and include a core 602 and stress rods 604. The present
invention also contemplates the use of virtually any polar-
1ization maintaining fibers known today. As can be seen by
comparing FIGS. 6 and 7, the input polarization maintaining
fiber of FIG. 6 1s rotated 45 degrees with respect to the
output polarization maintaining fibers of FIG. 7, and thus 1s
rotated with respect to the horizontally oriented crystal
substrate waveguide supported within the housing of inte-
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grated-optic circuit 220, thereby fulfilling the angular offset
requirement for Lyot-type depolarizer operation.

As pointed out above, 1n the arrangement shown 1n FIG.
2, the fiber optic coil 226 of apparatus 200 1s chosen to be
of the polarization maintaining type. Further cost reductions
are now attained with an apparatus 500, shown 1 FIG. 5,
illustrating another example of an interferometric fiber-optic
gyroscope, containing many of the same components as
apparatus 200. The input side of apparatus 500, that part at
the 1input side of integrated-optic circuit 220, 1s 1dentical to
the corresponding portion of apparatus 200 and thus
includes a first mixed mode Lyot type depolarizer, formed at
the input to integrated-optic circuit 220. As will now be seen,
apparatus 500 further includes two additional mixed-mode
Lyot-type depolarizers located at the outputs of integrated-
optic circuit 220, which allow use of a fiber optic coil of the
cost eflective single mode type, while keeping constant the
interferometer signal mtensity after the itegrated-optic cir-
cuit 220.

With continued reference to FIG. 5, the outputs, or fiber
block assemblies 522, 524 of the integrated-optic circuit
220, are coupled to the single mode leads 330, 332 of coil
326 through respective polarization maintaining fibers 530,
532 and splices 536, 338. The polarization maintaining
fibers 530, 532 cach have the 45 degree orientation 1llus-
trated 1n FIG. 6, that 1s, they are oriented at a relative 45
degree angle with respect to the crystal substrate disposed
within the housing of integrated-optic circuit 220. This fixes
a 45° displacement between the birefringence axes of the
pigtail fibers and of the birefringence axis of the waveguide.
For further cost reduction, all three mixed-mode depolariz-
ers 1n the arrangement of FIG. 5 can be manufactured
simultaneously during the pigtailing termination process
associated with the integrated-optic circuat.

As can be seen by comparing the arrangements of FIGS.
4 and 5, the same level of depolarizer enhancement 1is
provided by aspects of the present invention, while allowing,
a substantial reduction 1 the number of fiber splices
required, and with attendant reduction 1n material and labor
costs. In addition, interferometric fiber-optic gyroscopes
constructed according to principles of the present invention
also enjoy a substantial reduction 1n overall apparatus vol-
ume, compared to corresponding apparatus employing all-
fiber depolarizers.

Referring now to FIG. 8, an apparatus 800 1s similar in
many respects to the apparatus 500 discussed above. How-
ever, the apparatus 800 comprises but a single depolarizer 1n
the output loop formed between coil 326 and the output ports
522, 524. As can be seen in FIG. 8, no depolarizer is
provided for the pigtail 332 of coil 326. The pigtail 330,
rather than being connected to output port 522, 1s coupled to
output port 522 of itegrated-optic circuit 220 through a
splice 336 and a section of polarizing maintaiming fiber 330
of appropriate length, as 1s readily determinable by one
skilled 1n the art, to satisty Lyot-type depolarizer conditions.
The birefringence axis of a fiber 530 1s maintained at a 45°
displacement to the birefringence axis of the waveguide of
integrated-optic circuit 220, to further satisfy Lyot-type
depolarizer conditions.

Referring now to FIG. 9, apparatus 900 has an integrated-
optic circuit 220 and an output portion similar to that of
apparatus 500 discussed above. Apparatus 900, however,
does not require a depolarizer for its mput section because
either the broadband light source 902 has a low degree of
polarization or there are polarization maintaining fiber com-
ponents before the integrated-optic circuit, and the since the
components providing coupling to the mput 218 are of the
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polarization maintaining type. For example, the fiber-optic
leads 904, 908, connecting light source 902 to coupler 910
are ol the PM fiber type, as 1s the optic fiber 913 between
coupler 910 and mput 218. 11 desired, splice 906 and fiber
908 could be eliminated with a single fiber connecting light
source 902 to coupler 910. Coupler 910 allows optical
communication with detector 912.

Referring now to FIG. 10, apparatus 1000 has an inte-
grated-optic circuit 220 and an output portion including coil
226 similar to that of FIG. 2 described above. However,
apparatus 1000 has an input section different from apparatus
200. In the arrangement of apparatus 1000, a single con-
tinuous PM {fiber 216 connects broadband light source 1002
to mnput 218 of itegrated-optic circuit 220. Coupler 1010 15
formed about fiber 216 1n a known manner, so as to avoid the
need for splices. Coupler 1010 provides optical communi-
cation with detector 1012.

Referring now to FIG. 11, an apparatus 1100 includes an
iput section similar to that of apparatus 300 described
above. In apparatus 1100, integrated-optic circuit 220 has 1ts
output ports 1122, 1124 coupled to coil 326. As can be seen
in FIG. 11, the pigtail lead 332 1s connected directly to
output port 1124 of integrated-optic circuit 220. The remain-
ing pigtail lead 330 of coil 326 1s coupled to output port 1122
of mntegrated-optic circuit 220 through a splice 1146 and PM
fiber 1142 of appropriate length, as 1s readily determinable
by one skilled i1n the art, to satisty Lyot-type depolarizer
conditions. The birefringence axis of fiber 1142 1s main-
tained at a 45° displacement to the birefringence axis of the
waveguide of integrated-optic circuit 220, to satisly Lyot-
type depolarizer conditions.

Turning now to FIG. 12, an article 1200 includes an
integrated optic circuit 1210 of known construction, having
an optic waveguide with birefringence properties and whose
birelringence axis 1s oriented m a known direction.
Examples of such integrated optic circuits include: phase
modulators of the Mach -10 053 series, commercially avail-
able from Covega, 10335 Guiliord Rd., Jessup, Md. 20794;
low-loss and wideband phase modulators commercially
available from EO Space, 8711 148th Avenue NE, Red-
mond, Wash. 98052; and modulators, such as models
PM-150-0035 and PM-150-080, commercially available from
JDS Uniphase Corporation, 1768 Automation Parkway, San
Jose, Calif. 95131. Article 1200 further includes a PM fiber
optic lead coupled to the wavegumide within integrated optic
circuit 1210 through an mput port 1212 of known construc-
tion, such as that of a fiber block assembly. The birefrin-
gence axes of fiber 1208 1s maintained at a 45° displacement
with respect to the birelringence axis of the waveguide
within integrated-optic circuit 1210. Further, polarization
maintaining fiber 1208 has a typical birefringence of
approximately 0.0004.

The depolarization length is calculated as L=A"/(AA*8n),
where A 1s a light source spectrum central wavelength and
AA 1s a spectrum linewidth. The physical length of polar-
1zation maintaining fiber 1208 1s preferably on the order of
one meter or longer, enough to have a depolarization length
longer than the depolarization length L for a typical broad-
band light source 1214 (which 1s either of the Super Lumi-
nescent Diode (SLD) or Amplified Spontaneous Emission
(ASE) type). The waveguide birefringence 1s so high that the
Lyot condition L2>2L1 will be easily satisfied with
waveguides having a physical length of 20-35 mm, thus
being capable of successiul operation as a Lyot-type depo-
larizer second segment. The light source 1214 1s shown 1n
directly connected to integrated-optic circuit 1210 for 1llus-
trative purposes only. The invention also contemplates
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articles where the light source 1s coupled to the mnput 1212
through other known intervening components, such as
splices, coupler’s, and sections of optic fiber.

Numerous alternative embodiments of the present inven-
tion exist. Alternatives for aspects of the invention that could
be implemented without undue experimentation by one of
ordinary skill in the art include substitution of the preferred
integrated-optic circuit with regard to 1ts material constitu-
tion and circuit features, the types of polarization maintain-
ing and single mode fibers employed, the type and circuit
teatures of the coupler and of the splices employed. Further,
istruments based on the Sagnac eflect other than interfero-
metric fiber-optic gyroscopes can benefit from aspects of the
present invention. Also, virtually any optic coupler can be
employed, and can have any NxM configuration As will now
be appreciated, the present mvention 1s not limited to
multipurpose mtegrated optic circuit components, but may
be used with virtually any components having a birefringent
crystal substrate waveguide.

While the depolarization features provided by the present
invention allow eflective use of single-mode optical com-
ponents, it 1s possible to employ aspects of the present
invention 1n arrangements where single mode optical com-
ponents are not present. Although certain embodiments of
the present invention described herein contemplate arrange-
ments producing Lyot-type depolarnization, i1t should be
understood that the depolarization referred to herein
includes incomplete depolarization as well as pseudo-ran-
dom polarization output with an average low degree of
polarization, for any input state of polarization.

The steps or operations described herein are just exem-
plary. There may be many variations to these steps or
operations without departing from the spirit of the invention.
For mstance, the steps may be performed 1n a differing order,
or steps may be added, deleted, or modified. Also, the pigtail
termination process can be carried out simultaneously or at
different times, as may be advantageous 1n different circums-
stances.

Although exemplary implementations of the invention
have been depicted and described 1n detail herein, 1t will be
apparent to those skilled in the relevant art that various
modifications, additions, substitutions, and the like can be
made without departing from the spirit of the invention and
these are therefore considered to be within the scope of the
invention as defined 1n the following claims.

What 1s claimed 1s:
1. An apparatus comprising:

an optical circuit device having at least one mnput coupled
to a light source, at least two outputs and a birefringent
crystal substrate waveguide having a first birefringence
axis, between said mput and said outputs;

a connecting fiber having a second birefringence axis at
an angular displacement of approximately 45 degrees
to said first birelringence axis, connected to said at least
one input of said optical circuit device;

a loop of polarization maintaining optic fiber having
having first and second ends where one of the first and
second ends 1s connected to one of the at least two
outputs and the other of the first and second ends 1s
connected to the other of the at least two outputs, the
first and second ends each having a birefringence axis
at an angular displacement of approximately 0 degrees
to said first birefringence axis;

the optical circuit device, connecting fiber and loop coop-
erating to form a Lyot-type depolarizer.
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2. The apparatus of claim 1 wherein said optical circuit
device further has a housing surrounding said waveguide,
with said waveguide mounted at a fixed position 1 said
housing.

3. The apparatus of claim 1 whereimn said wavegude
comprises a substrate of non-1sotropic material.

4. The apparatus of claim 1 wherein said optical circuit
device comprises a multifunction integrated optical chip.

5. The apparatus of claim 1 wherein said optical circuit
device comprises a multifunction integrated optical chip that
includes a waveguide coupler/beam splitter comprising said
birefringent crystal substrate waveguide.

6. The apparatus of claim 1 wherein said loop comprises
a sensing coil, the first and second ends are connected
respectively to the at least two outputs without any splices
between the at least two outputs and the loop.

7. The apparatus of claim 1 wherein all fiber and devices
connected 1n series between the light source and the con-
necting fiber are single mode type.

8. The apparatus of claim 1 wherein an 1mput fiber made
of single mode optical fiber couples light from the light
source to an end of the connecting fiber.

9. The apparatus of claim 1 wherein said mput fiber 1s of
polarization maintaining optical fiber composition and said
light source emits polarized light.

10. The apparatus of claim 1 further comprising an
orientation {ixing support supporting one end of said con-
necting fiber for optical coupling to the waveguide of said
optical circuit device so as to maintain the approximate 45
degree displacement between said first birefringence axis
and said second birelringence axis.

11. The apparatus of claim 10 wherein said orientation
fixing support comprises a fiber block assembly mounted to
said optical circuit device.

12. The apparatus of claim 11 wherein said fiber block
assembly 1s mounted to each output of said optical circuit
device with a zero degree angle to the first birefringence
axis.

13. The apparatus of claim 11 wherein said fiber block
assembly 1s mounted to the input of said optical circuit
device with a 45 degree angle to the first birefringence axis.

14. The apparatus of claim 1 wherein said at least two
outputs are coupled to a sensing coil comprising a continu-
ous optical fiber of single mode fiber composition, with ends
that comprise pigtails for coupling to the outputs of said
optical circuit device.

15. An apparatus comprising:

one segment of a Lyot-type depolarizer comprising a

waveguide of birefringent crystal substrate material,
having a first birefringence axis;

an optical circuit comprising said waveguide of bireirin-

gent crystal substrate material, having at least one input
coupled to a light source and at least two outputs, with
the waveguide of birefringent crystal substrate material
between said iput and said outputs;

another segment of the Lyot-type depolarizer comprising,

a connecting polarization maintaiming fiber having a
preselected length, a second birefringence axis at an
angular displacement of approximately 45 degrees to
said first birefringence axis, and one end connected to
one of said at least two outputs of said optical circuit
device; and

a loop of single mode optic fiber having having first and

second ends where one of the first and second ends 1s
connected to the other end of the connecting fiber and
the other of the first and second ends 1s coupled to the
other of the at least two outputs.
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16. The apparatus of claim 15 wherein said loop com-
prises a sensing coil.
17. The apparatus of claim 15 wherein said optical circuit
comprises a multifunction integrated optical chip that
includes a waveguide coupler/beam splitter comprising said
waveguide of birefringent crystal substrate material.
18. A method comprising the steps of:
providing an optical circuit with at least one input, at least
two outputs and a waveguide of birefringent crystal
substrate material between said mput and said outputs,
said waveguide having a first birefringence axis and
comprising one segment of a Lyot-type depolarizer;

providing a coupling fiber having a second birefringence
axis and comprising another segment of a Lyot-type
depolarizer; and

connecting one end of said coupling fiber to one the

outputs of said optical circuit with a fixed angular
displacement of approximately 45 degrees between
said first and said second birefringence axes;
connecting the other end of the coupling fiber to a first end
of a loop of single mode optic fiber having having first
and second ends where the other of the first and second
ends 1s coupled to the other of the at least two outputs.

5

10

15

20

12

19. A method comprising the steps of:

providing an optical circuit device having at least one
input coupled to a light source, at least two outputs and
a birelringent crystal substrate waveguide having a first
birefringence axis, between said input and said outputs;

connecting a connecting fiber having a second birefrin-
gence axis at an angular displacement of approximately
45 degrees to said first birefringence axis, connected to
said one input of said optical circuit device;

connecting one of first and second ends of a loop of
polarization maintaining optic fiber to one of the at
least two outputs and connecting the other of the first
and second ends to the other of the at least two outputs,
the first and second ends each having a birefringence
axis at an angular displacement of approximately O
degrees to said first birefringence axis;

the optical circuit device, connecting fiber and loop con-
nected to cooperate with said waveguide to form a
Lyot-type depolarizer.
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